Introduction 1
Meat is rich in high-quality proteins and contains all of the essential amino acids for 2 humans [1] . However, meat has not been fully utilized as a protein supplement to the same 3 extent that milk or soybean products have been utilized because of the low solubility of 4 myosin, which constitutes approximately 50 % of myofibrillar proteins. The low solubility of 5 myosin results from the spontaneous formation of filaments that occur in vivo [2-4]. Myosin 6 is practically insoluble in aqueous solution at low ionic strength but is increasingly soluble at 7 high salt concentrations [5] [6] [7] [8] [9] . 8 Solubilization of insoluble myosin has been achieved by adding 5 mM histidine in 9 low ionic strength solutions (1-5 mM KCl, pH 7.5) [10] [11] [12] . The mechanism by which 10
histidine solubilizes myosin appears to involve structural changes in monomeric myosin and 11 the resulting inhibition of native myosin filament formation [11] . When the salt concentration 12 is increased to a physiological level (0.15 M), 5 mM histidine no longer shows such effects 13
[12]. Considering the observed structural changes caused by histidine, which may limit 14 myosin application, it would be advantageous to achieve high myosin solubility without 15 structural changes even in physiological salt solutions. We have investigated several 16 additives, including histidine and arginine, for their effects on myosin solubility as a function 17 of salt concentration and on the myosin structure. 18 been observed in the enhanced solubility of aromatic compounds [32, 33] , and (ii) weak 1 preferential exclusion of arginine from the protein surface, which is associated with its weak 2 binding to the proteins and increases the activation energy toward aggregation [34, 35] . Thus, 3
we have focused on the solubilization effects of arginine and its influence on myosin 4 structure. 5 1
Results

2
Measurement of myosin concentration by fluorescence intensity 3
The concentration of myosin in the test solvents was determined by the intrinsic 4 tryptophan fluorescence of myosin as opposed to the absorbance at 280 nm. This approach 5 was used because the formation of filamentous structures causes significant light scattering 6 and makes UV absorbance unreliable for concentration determination. Figure 1 demonstrates 7 the reliability of fluorescence for myosin concentration measurements. Figure 1A shows the 8 fluorescence emission spectra of a serially diluted myosin stock solution of known protein 9 concentration. The spectral shape was independent of dilution with a peak at 334 nm, which 10 indicated no effects of dilution and protein concentration on the tryptophan environments of 11 myosin; note that this fluorescence peak position indicates that the fluorescent tryptophans are 12 at least partially buried inside the tertiary structure of myosin. The fluorescence intensity at 13 334 nm of these myosin samples were plotted against the concentration of myosin. As shown 14 Figure 2 shows the effects of 50 mM Arg, Lys, NaCl, His, Gly and Gdn on the 22 solubility of myosin in the presence of NaCl concentrations (50, 100, 150, 200, 250 and 300 23 mM); note that an additional 50 mM NaCl was present over the basal NaCl concentration (a 24 total of 100 mM NaCl for the first column, which corresponds to the 50 mM basal NaClconcentration). The myosin solubility in the absence of an additional 50 mM NaCl (at the 1 basal salt concentration) is shown as "none" in Fig. 2 . As described in the methods section, 2 the myosin solubility was determined in the test solvents by diluting the stock myosin solution 3 in 1 M NaCl, where myosin is largely monomeric, into the test solvents. Thus, myosin 4 filament formation may vary depending on the salt concentration, which suggests that more 5 filaments may be present at lower salt concentrations. The solubility shown in Fig. 2 is the 6 value at 1 hour after dilution and may not be the final equilibrium value, particularly in the 7 presence of 50 mM Arg (for reasons described later). 8
At the 50 mM basal NaCl concentration (first column in Fig. 2 ), 50 mM Arg and Lys 9
showed insignificant effects on myosin solubility compared with 50 mM NaCl (total 100 mM 10 NaCl), whereas 50 mM His and Gly slightly reduced myosin solubility compared with the 11 three additives. It is interesting that 50 mM Gdn showed reduced myosin solubility, although 12 only slightly. Thus, the effects of these five additives (i.e., Arg, Lys, His, Gly and Gdn) were 13 marginal at this low basal salt concentration. A small but significant effect of 50 mM Arg was 14 observed at a 100 mM NaCl concentration (second column in Fig. 2 ). Arg and Lys increased 15 the myosin solubility compared to NaCl alone, and Arg was more effective; 50 mM NaCl was 16 slightly effective when compared with its absence (see "none"). At this NaCl concentration 17 (second column in Fig. 2 ), 50 mM His, Gly and Gdn were essentially ineffective as myosin 18 solubility in these solvents was nearly identical to the solubility in 100 mM NaCl alone 19 ("none"). At a 150 mM NaCl concentration (third column in Fig. 2 ), a much stronger effect of 20 Arg was observed. At this NaCl concentration, 50 mM Arg increased the myosin solubility by 21 more than twofold over the level achieved by 50 mM NaCl (200 mM total NaCl) and almost 22 threefold over the value at 150 mM NaCl (see first black bar, "none"). Lys was also effective; 23 however, its effect was greatly reduced when compared to Arg. At 150 mM NaCl, 50 mM His, 24
Gly and Gdn were much weaker than NaCl in solubilizing myosin and nearly identical to thesolubilization effects of His at 150 mM NaCl is consistent with previous reports [12] . When 1 the basal salt concentration was increased to 200 mM (fourth column in Fig. 2) , the 2 solubilization effect of 50 mM NaCl (total 250 mM NaCl) overwhelmed the additive effects, 3 which is seen as the large difference between 200 mM salt (first black bar, "none") and 250 4 mM salt (fourth dotted bar). The solubility of myosin at 250 mM total NaCl was only slightly 5 less than Arg and Lys. At 200 mM NaCl, 50 mM His was as effective as 50 mM NaCl, 6
whereas Gly and Gdn were significantly less effective. At 250 and 300 mM NaCl (fifth and 7 sixth column in Fig. 2) , the high salt concentration essentially determined the myosin 8 solubility, which became independent of the additives tested. 9
The solubility experiments were performed by diluting a myosin stock solution in 1 10 M NaCl. Upon dilution into the test solvents, the myosin should spontaneously form filaments 11 depending on the NaCl concentration and presence of additives until reaching a 12 monomer/filament equilibrium, i.e., equilibrium solubility. Immediately after dilution, the 13 myosin solubility may be much higher in the test solvents than the final equilibrium solubility. 14 Namely, the initial myosin solution is supersaturated with myosin monomer. Thus, the time 15 course of myosin solubility was followed immediately after dilution of the stock solution. 16 Figure 3 shows the myosin solubility changes with time in the presence of 50 mM additive 17 and a NaCl concentration of 150 mM. There appeared to be no significant differences in 18 myosin solubility at 1 hour or 45 hours after dilution in the presence of 50 mM Gly and Gdn, 19 which indicates the establishment of solubility equilibrium within 1 hour. Thus, myosin 20 filaments were rapidly formed in these solvents. There appeared to be a slight time 21 dependence of myosin solubility in 50 mM His, which reached equilibrium approximately 5 22 hours after dilution. The initial solubility of ~35 % reached a plateau value of ~30 % at 23 approximately 5 hours. Although the solubility was greater in 50 mM NaCl (total 200 mM) 24 than in 50 mM His, the time to reach equilibrium was similar, which was determined to be 5 25 hours by double exponential fitting (initial solubility of 60 % to ~55 % after 5 hours).
Compared to the above test solvents, an increased delay in reaching equilibrium was observed 1 in 50 mM Arg and Lys. The myosin solubility in 50 mM Arg decreased after 9 hours of 2 incubation from 85 % to a plateau value of 78 %. It appeared that the solubility equilibrium 3 was attained after approximately 24 hours, which was determined by curve fitting. Because of 4 large data scattering for 50 mM Lys, there was ambiguity in the data fitting, and 5 approximately 10 hours was estimated for the solution to reach equilibrium. 6 7 3.3. Effect of arginine on myosin structure 8 Previously, His has been shown to increase the myosin solubility in low ionic 9 strength solutions by altering the structure of myosin [11] . Thus, we examined whether such 10 structural changes occur in Arg and Lys, which clearly enhanced the myosin solubility at 150 11 mM NaCl. We examined the secondary structure of myosin in 50 mM Arg or Lys at 150-300 12 mM NaCl. Figure 4 shows the CD spectra of myosin solubilized in 50 mM Arg or Lys at 13 0.15-0.30 M NaCl. As a control, the CD spectrum was collected in 350 mM NaCl. All CD 14 spectra of myosin were identical within experimental errors, which indicate that an identical 15 myosin structure in the presence of 50 mM Arg or Lys with 50-300 mM NaCl or in the 16 presence of 350 mM NaCl was present, and suggests a different solubilization mechanism for 17 Arg and Lys compared to His. increase myosin solubility in low salt solutions and is accompanied by structural changes 24 [11] . Here, we tested the effects of 50 mM Arg, Lys, NaCl, His, Gly and Gdn on myosinsolubility in the presence of NaCl at different concentrations (50 to 300 mM). The solubility 1 experiments were performed by diluting a stock myosin solution in 1 M NaCl, in which 2 myosin is largely monomeric [5,6], which we confirmed. Assuming that the monomeric 3 myosin is soluble at low and high salt concentrations, it is the formation of filaments that 4 determine the myosin solubility; thus, the protein precipitates are composed wholly of 5 filaments and not the monomers. This finding indicates that the effects of the test solvents on 6 myosin solubility are the results of their effects on the monomer-filament equilibrium. 7
Marginal solubilization effects of all additives tested were observed in the presence of 50 and 8 100 mM NaCl, unlike the observed solubilization of His in dilute salt solutions, which suggest 9 that the effects of Arg, Lys and other additives are mechanistically different from those of His. 10
Marginal solubilization effects of Arg and Lys at 50-100 mM NaCl may be because of the 11 strong tendency of myosin to self-associate into the filaments at low salt concentrations. 12
When the tendency for self-association becomes weaker at increasing salt concentrations 13 and prevents filament formation, which is observed by the high myosin solubility. A specific 25 interaction of the Arg or Lys cation with myosin may also disrupt the electrostatic interactionsmore effectively than NaCl, which increases the myosin solubility over the solubility achieved 1 by salt alone. Arg was always more effective than Lys, which indicates that the positive 2 charge and structure of the side chain play a role. The critical role of the guanidinium group 3 has been implicated in the effectiveness of Arg in the suppression of protein aggregation 4
[17,18]. The guanidinium group alone was insufficient in myosin solubilization, which was 5
shown by the lack of increased solubilization effects because of Gdn. Under the experimental 6 conditions, His displayed no or marginal solubilization effects, which differed from 7 previously reported results [10] [11] [12] . Such His effects were attributed to the structural changes 8 of myosin conferred by His [11] , which indicates that His has no effect on myosin structure 9 under the present experimental conditions. Further, the effects of Arg and Lys are mediated 10 by their interaction with native myosin, which was indicated by the lack of structural changes. 11
Interestingly, the equilibrium solubility was attained extremely slowly in the 12 presence of 50 mM Arg with 150 mM NaCl, which took more than 20 hours after dilution of 13 the stock myosin solution in this solvent. Namely, self-association of the myosin monomer to 14 the filaments was slow in this solvent system. The rate of this transition from monomer to 15 filament becomes faster in Lys and further in NaCl. In Gly and Gdn, the transition appeared to 16 occur within one hour. Myosin is in a monomeric structure in 1 M NaCl [5, 6] . Upon dilution 17 into 50 mM Gly or Gdn in 150 mM NaCl, the solubility of myosin rapidly reaches 18 equilibrium, which means a low activation energy of the monomer-filament transition. In the 19 presence of 50 mM Arg, the initial solubility is much higher than the equilibrium solubility 20 
